Thermoelectric material, CoSb 3 , has been formed in solid Co/solid Sb, solid Co/liquid Sb and solid Co/vapor Sb reactive diffusion couples in the temperature range between 723 K and 1123 K. The solid Co/vapor Sb diffusion couples were annealed in a furnace having two homogeneity temperature zones keeping Co side and Sb side temperatures independently. CoSb 3 phase formed in these Sb diffusion couples showed various structures such as granular grains, large size polygonal grains with sharp edge and a flat diffusion layer with many small voids or with Sb phase depending on the kind of diffusion couples and temperature. The formation kinetics of such structures and growth of CoSb 3 have been studied and discussed.
Introduction
CoSb 3 has been attracted the attention of many investigators as a thermoelectric material. [1] [2] [3] Although CoSb 3 has better properties of electrical conductivity and Seebeck coefficient than the Bi 2 Te 3 that is the most excellent thermoelectric materials at the present, for a practical use of CoSb 3 it has been required to decrease thermal conductivity because that of CoSb 3 is about ten times larger than Bi 2 Te 3 . 4) It has been also reported that thermoelectric properties of CoSb 3 are better the higher the purity of Co. 4) As long as Co and Sb specimens are melted in a crucible or Co and Sb powder were sintered even in a highly evacuated atmosphere, oxidation or contaminations from crucible or the atmosphere could not be avoided. In addition, according to the Co-Sb binary phase diagram 5, 6) CoSb 3 is represented as a line compound so needless other phases are easily contained in it. Using reactive diffusion method, one can form intermetallic compounds, which do not include other needless phases without contamination from the crucible at least.
In this work, formation of CoSb 3 by reactive diffusion method has been tried by using various types of diffusion couples such as solid/solid, solid/liquid and solid/vapor diffusion couples. Solid/vapor diffusion couples have been annealed in the furnace, which has two homogeneity temperature zones, controlling the temperature independently. Using this furnace one can change mass balance between diffusion flux, J g , of Sb that comes from Sb vapor source to Co surface and the flux, J s , which diffuses into solid Co from the surface. CoSb 3 phase formed in these diffusion couples showed various structures such as granular grains, large size polygonal grains with sharp edge, a flat diffusion layer with many small voids or with Sb phase depending on the kind of diffusion couples, temperature and mass balance. The existence of many small * 1 Present address: Graduate Student, Osaka University.
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voids suggests a possibility that they can decrease the thermal conductivity of CoSb 3 .
The authors have reported that the growth rate of diffusion layers formed in the Ti/Si [7] [8] [9] and Fe/Si 10) reaction diffusion couples remarkably depend on a very small amount of impurity in the Ti or Fe. So, in this experiment, the purity dependence of Co or Sb has also been studied.
Experimental Procedure
99.9 and 99.997 mass%Co plates (purchased from Nilaco) and 99.9%Sb granules and a 99.9999%Sb ingot have been used. The Co sheets of 0.5 mm in thickness have been cut into 10 mm × 10 mm in size. The surfaces of Co pieces were ground on abrasive papers and polished metallographically on a buff with fine alumina powder. In case of solid Co/solid Sb (S-Co/S-Sb) diffusion couples, 99.9% granules and a 99.9999%Sb ingot were cut into about 10 mm × 10 mm × 5 mm in size. A surface was ground on abrasive papers and polished metallographically in the same manner as the Co specimens. They were clamped tightly between two stainless steel holders with three screws. To prevent the reaction between Co and Sb specimens and the holders, mica sheets were inserted. The clamp was wrapped by an Al foil to prevent evaporation of Sb atoms and was annealed in an evacuated furnace in the temperature range between 723 K and 823 K.
In case of solid Co/liquid Sb (S-Co/L-Sb) diffusion couples, a Co specimen of about 10 mm × 10 mm × 5 mm in size and 99.9%Sb granules were enclosed into an evacuated quartz capsule. The quartz tube was leaned against the wall of a crucible furnace and annealed so that solid Co can react with liquid Sb.
In case of solid Co/vapor Sb (S-Co/V-Sb) diffusion couples, the Co specimen and 99.9%Sb granules were enclosed into an evacuated quartz capsule. The quartz tube was placed horizontally in a furnace that has two homogeneity temperature zones so that Co and Sb may not contact with each other. The temperature on Co and Sb side were controlled independently by two regulators within ±1 K. After diffusion anneal, almost of the diffusion couples were cooled quickly. Some ones were furnace cooled and the difference of the width of CoSb 3 layer due to cooling rate was studied. The specimen after diffusion anneal was mounted in a resin. The cross section of the diffusion zone was polished metallographically and analyzed by an electron probe micro analyzer (EPMA: JEOL JCXA 733).
The peritectic temperature of CoSb 3 was determined by a differential thermal analyzer (DTA) by using a sample made in this experiment. Before the analysis, homogeneity of the CoSb 3 phase was confirmed by the EPMA. To prevent an evaporation of Sb in a high temperature range, the CoSb 3 specimen in the aluminum DTA sell was covered by fine aluminum powder. 3 in solid-Co/solid Sb couple Photomicrograph of diffusion phase layers formed in a solid 3N-Co/solid 3N-Sb couple annealed at 823 K for 360 ks is shown in Fig. 1 . From the Co side thin and thick layers could be found. EPMA analysis reveals these layers are CoSb 2 and CoSb 3 , respectively. The CoSb phase layer, which is represented in the Co-Sb binary phase diagram, could not be found in this photomicrograph. In the whole region of CoSb 3 phase, many small voids distribute. These voids were formed in all S-Co/S-Sb diffusion couples at all experimental temperatures. It is not common that Kirkendall voids 11) distribute uniformly in a whole region of diffusion layer. So, it will be discussed later whether these voids are Kirkendall voids or not.
Results

Growth behavior of CoSb
Relationships between total widths of CoSb 2 and CoSb 3 diffusion layers formed in the various kinds of S-Co/S-Sb couple diffusion couples at 823 K and square root of anneal times are shown in Fig. 2 . In Fig. 2 , any appreciate differences between these diffusion couples having different purities of Co and Sb could not be found. Main impurities are Ni and Fe for Co and Bi, Na, Fe and Pb for Sb. Influence of these impurities on interdiffusion seem to be insensitive. coefficient,D, is difficult. So, ∆N ·D of CoSb 3 and CoSb 2 instead ofD were determined with the aid of Heumann's method 12) taking the molar volume change effect during diffusion into account. Temperature dependence of the values is shown in Fig. 3 . The symbols and s are the values of ∆N ·D for CoSb 3 determined by using S-Co/V-Sb diffusion couples and they will be described later.
The Arrhenius plots of ∆N ·D for CoSb 3 determined by using S-Co/S-Sb diffusion couple are represented by
for CoSb 3 and
for CoSb 2 phase, respectively. phase. These needlelike CoSb 3 particles are supposed that they were crystallized during rapid cooling. From these results it is also suggested that the CoSb 3 in Photo.(c) and (d) grew during the slow or rapid cooling but not during isothermal diffusion anneal. In other words, there is a possibility that CoSb 3 is not stable at this temperature. phase. The width of coexistent region of CoSb 3 and Sb is more than 2 millimeters. Photomicrograph of whole coexistent area of CoSb 3 and Sb phase from Co side to surface is shown in Fig. 6 . The CoSb 3 phase formed in the diffusion couple in Photo.(c) coexists together with many voids. According to the Co-Sb phase diagram, 5, 6) liquid Sb solution with Co will be formed in S-Co/V-Sb diffusion couples at 1023 K in an equilibrium state. In practice, the formation of liquid Sb phase depends on a mass balance between diffusion flux of Sb vapor, J g , and the flux of Sb in solid, J s . When a condition of J g > J s is satisfied liquid Sb phase will cover the CoSb 3 surface. In this case, the S-Co/V-Sb diffusion couple can be regarded as a S-Co/L-Sb diffusion couple essentially. Therefore, the structure obtained in this diffusion couple is very similar to that in the S-Co/L-Sb diffusion couple. In Table 1 , relationship between the temperatures on Co and Sb side and kinds of structures are summarized. Where g.g., p.g., Sb, V and N, mean granular grain, polygonal grain, CoSb 3 with Sb, CoSb 3 with void and that CoSb 3 was not found, respectively. In Figs. 8 and 9 , the relationships between width of CoSb 3 or CoSb layer formed in the S-Co/V-Sb couples and anneal time are summarized. The characters Sb and V beside the There are two Co-Sb binary phase diagrams that show different peritectic reaction temperature of CoSb 3 . According to a Massalski et al., 5) the peritectic temperature of CoSb 3 is represented to be about 1132 K while the peritectic temperature of the other 6) phase diagram is 1043 K.
Structure of CoSb
Growth of CoSb and CoSb 3 phases in S-Co/V-Sb couple
Differential thermal analysis of CoSb 3
To confirm the peritectic temperature of CoSb 3 , differential thermal analysis was done. The DTA curve obtained in this experiment is shown in Fig. 10 . In the curve, two absorption peaks are found at 1146 K and 1206 K. On referring Co-Sb phase diagram, we concluded that the former corresponds to the peritectic temperature of CoSb 3 and the latter to that of CoSb 2 . This result coincides with the Massalski's phase diagram. As long as this analysis is reliable, CoSb 3 is stable at 1073 and 1123 K at least.
Interdiffusivity of CoSb 3 formed in S-Co/V-Sb and S-Co/V(L)-Sb diffusion couple
The values ∆N ·D instead of interdiffusivities of CoSb 3 formed in the S-Co/V-Sb diffusion couple have been determined by applying the Heumann's method to the diffusion equations for the S-Co/V-Sb diffusion couple, 13) taking the volume change effect into account. The values have been already shown in Fig. 3 . The diffusivities represented by symbols in Fig. 3 are for the CoSb 3 that coexists together with voids. These data can be regarded to locate on the extrapolated Arrhenius plot of ∆N ·D obtained by S-Co/S-Sb diffusion couples within experimental error. In the S-Co/S-Sb diffusion couples, thickness of CoSb 2 phase layer was thicker than that of CoSb layer. However, the thickness was reversed at high temperature. The thickness of the CoSb 2 in S-Co/LSb diffusion couples is too thin to determine the diffusivity. Determination of accurate diffusivities in S-Co/V(L)-Sb diffusion couples is also difficult because the growth of diffusion layers does not follow the parabolic law. In addition, granular CoSb 3 particles distribute in Sb liquid. So there is a possibility that the semi-infinite condition of diffusion couples might break down. Nevertheless, the diffusivities have been determined as reference data by assuming that the concentration of Co in Sb liquid is zero. The symbols s correspond to the diffusivities of CoSb 3 formed in S-Co/V(L)-Sb diffusion couples. The values are much smaller than the extrapolated value of Arrhenius plot.
Discussions
Growth of CoSb 3 layer in S-Co/L-Sb and S-
Co/V(L)-Sb diffusion couples According to our DTA experiment, CoSb 3 phase is stable up to 1146 K. So, it is expected that CoSb 3 layer can grow faster the higher the diffusion temperature, in general. However, the growth rate of CoSb 3 at 1073 or 1123 K is slower than that at 1023 K. The difference between CoSb 3 formed at 1023 K and 1073 or 1123 is that liquid Sb phase covers CoSb 3 or not. As described previously, when CoSb 3 is formed in the S-Co/L-Sb diffusion couple it was supposed that Co atoms dissolved from the CoSb 3 layer into liquid Sb phase, so CoSb 3 phase cannot grow as a layer during isothermal diffusion anneal. In this case, large granular particles of CoSb 3 should be found in Sb phase as shown in Photo. Fig. 7, i. e., any large granular particles of CoSb 3 could not be found in Sb phase, suggests a possibility that CoSb 3 phase is not stable and grow only in the duration of cooling. In other words, there may be experimental conditions that sometimes slows down or stimulates the growth of CoSb 3 layer.
In order to confirm the effect of existence of liquid Sb phase on the growth behavior of CoSb 3 phase layer, diffusion couples consisted of solid Co and excess amount of CoSb 3 powder were prepared and annealed at 1073 K for various times in a homogeneity temperature zone. These diffusion couples are so called vapor/solid type diffusion couple and has often been used by many investigators. It is expected that CoSb 3 phase layer will form on Co surface without deposition of liquid Sb phase. In fact, CoSb 3 phase layer was formed, however, the growth rate was much slower than that at 1023 K in this experiment. So, there may be another reason that CoSb 3 does not grow at 1073-1123 K even though it exist stably at this temperature range. The details of this peculiar growth kinetics of CoSb 3 will be reported elsewhere.
Voids formed in CoSb 3 phase layer
As has been pointed out previously, it is not common that Kirkendall voids 11) distribute uniformly in a whole region of diffusion layer. Hear, we discuss whether the voids formed in the CoSb 3 are Kirkendall void or not. In Fig. 11 , a hypothetical concentration-distance curve in S-Co/V-Sb diffusion couple is shown where Matano plane is determined so that area S 1 + S 2 may equal area S 2 + S 3 . In Fig. 11 , j Sb and j Co are the intrinsic diffusion flux of Sb and Co represented by using the relationship j v = −( j Sb + j Co ). In the region where ∂ j v /∂ X has negative value, vacancies annihilate and there is a possibility of formation of voids.
11) It should be noted that at the interface the value of j v changes discontinuously so at the interface ∂ j v /∂ X become to have large positive or negative values. This suggests that at the interface many vacancies are generated or annihilated. As shown in the figure, we can draw the vacancy flux curve so that j v may decreases linearly in the whole region of CoSb 3 layer, e.g., ∂ j v /∂ X can have a constant negative value. As long as this condition is kept, it is possible to form Kirkendall voids that distributed uniformly in the CoSb 3 phase layer. Consequently, we attribute the void formation to Kirkendall effect. When J s is nearly equal or slightly larger than J s , liquid Sb will fulfill the voids formed in CoSb 3 phase. This is a possible explanation for the formation of CoSb 3 with Sb.
Although the existence of voids decreases not only thermal conductivity but also electric conductivity of CoSb 3 , there is a possibility that the thermoelectric property of CoSb 3 with many small voids will be improved. The results of measurement of the thermoelectric property of CoSb 3 with voids will be reported elsewhere.
Summary
Thermoelectric material CoSb 3 having various kinds of structure has been made by reactive diffusion between solid cobalt and solid, liquid and vapor antimony in the temperature range from 723 to 1123 K. The reason for the various kinds of structures has been discussed. The results are summarized as follows.
(1) In solid Co/solid Sb diffusion couples CoSb 3 having many voids is formed. Influence of impurities in Co and Sb on the growth of diffusion layers is not found.
(2) It is difficult to obtain thick CoSb 3 layer by using SCo/L-Sb diffusion couples because CoSb 3 layer do not grow. (4) In the temperature range 1073-1123 K, the growth rate of CoSb 3 layer formed in solid-Co/liquid-Sb and solidCo/vapor(L)-Sb diffusion couples is much slow than that at 1023 K even though CoSb 3 is stable in this temperature ranges.
(5) The CoSb 3 with many voids has a potential to improve thermoelectric property because thermal conductivity is expected to decrease due to existence of voids.
